SUMMARY: In the last 10 years, new techniques have helped answer some of the most difficult questions in reef fish ecology, and a broader range of topics has been investigated.
INTRODUCTION
Since 1990, reef fish ecology has focused principally on a) spatial and temporal patterns in recruitment and population dynamics, b) causes and consequences of early post-settlement demography, and c) larval behavior and biology. Other worthwhile topics are studied, but there are important reasons for this focus.
I think the shift from community-level1,2) to population-level studies was due to the growing realization that communities of reef fishes have few if any emergent qualities. Community-level phenomena were best understood through studies of component populations. This focus was also encouraged by management needs. Issues in fisheries management, and in conservation of reef systems seemed to require information on demography, not on social systems, or on reproductive patterns3,4) (other than studies of use of spawning aggregations by fishery species).5) These more applied needs helped induce the shift in focus. A major workshop in 1996, focused almost exclusively on population-level studies of dynamics, although from a broad range of empirical and theoretical perspectives,6,7)
Here I scope this core of modem ecological research on reef fish, explain its importance , summarize important advances during the decade , and make some suggestions for future work . patterns of dispersal and potential extent of transport from the natal site. Finally, reef fish larvae settle to more-or-less specific microhabitats on reefs,") and variations in the pattern of settlement and establishment will determine the scales at which local breeding groups are established. Collectively, these life history features help determine the extent of exchange among local populations (their connectivity), and the spatial scales at which sets of interacting local populations are arrayed. Because there is such extensive variation in each feature, connectivity and spatial scales both seem likely to vary over at least one order of magnitude among common reef fish species.
OPENNESS OF POPULATIONS

THE COMPLEXITY OF LARVAL DISPERSAL
Larval reef fishes are not passive particles adrift on the ocean, and, in any event, parcels of water in the ocean do not move in constant or uniform ways. 20,23) The inherent complexity of larval dispersal has been the chief obstacle to determining the rate and spatial extent of larval exchange among local populations, and thus, the level of connectivity.
To determine larval dispersal in any specific case, we first need routine information on timing of reproduction, sites and times for release of pelagic eggs, or hatch of demersal eggs, and duration of larval life. These three are the easy items to collect. They require field observations of reproductive behavior, and evaluation of otoliths of newly settled juveniles to determine age at settlement. We also need detailed information on hydrodynamics at the times and sites of larval or egg release, and subsequently throughout the duration of larval life. Information on larval sensory capabilities and behavior is needed to tell us how the larvae respond to the pelagic environment, and whether they detect and respond to reefs, and/or to specific habitats within reefs as the time for settlement draws near. Finally, we need information on larval survivorship, because the rich stream of new larvae being placed into the pelagic realm must become diluted by mortality during larval life, and connectivity depends on larvae that reach a destination reef and survive to join the reproductive population, not on all those other larvae that never make it.23) None of these other data are easy to acquire, and despite recent efforts, we do not yet possess a complete picture for any species.
There is one final complexity. Patterns of larval dispersal will be unique to particular locations. Local bathymetry and current patterns will create specific conditions of water movement (direction, velocity, temporal variability, depth stratification).
Local choices of reproductive site will determine how and when eggs or larvae enter the water column. Local geography will determine where potential "landing sites" are located. Larval behavior will determine how they cope with these local conditions and complete their larval lives. (Wamer's24) discussion of geographically averaged generalist strategies is relevant here we should not expect all aspects of larval behavior to be perfectly adapted to local conditions.) The question of how to determine larval dispersal is not intractable, but it is non-trivial. That, of course, is why these are exciting times to be a reef fish ecologist.
There is an alternative approach. If we could tag larvae, or could recognize larvae coming from a specific source, it would be possible to classify the rates and timing of larval settlement at particular sites, in terms of the sites of origin of the arriving larvae. We could do this without knowing in detail how they made the journey, or the causal factors that were at work. Of course, tagging a larva at hatching, or while still in the egg, is also a non-trivial task. The tags must remain with the larvae and be identifiable in the metamorphosed juveniles on a destination site. Still, there are important advances in this area that hold some promise, 25, 26) and this approach will compliment studies to define dispersal processes.
QUANTIFYING CONNECTIVITY
There are both fundamental and practical reasons to estimate connectivity among local reef fish populations. Sets of local populations that exchange larvae at appropriate rates will operate as metapopulations.27,28) Conversely, if larval exchange is slight (either because the units are too far apart, or because the larvae are better at remaining close to their natal reefs), the metapopulation consequences will be trivial or non-existent, while if the rate of exchange is very high, the demographic separateness of the individual sub-populations will be lost and the system will act as a large, but spatially sub-divided population with homogeneous demographics.
In a metapopulation, the dynamics of individual sub populations are modified by the subsidization of recruitment through larval exchange.
This reduces the risk of local extinction and permits quick re establishment if local extinction does occur, while export of larvae may also reduce the crowding effects of rapid population growth if rate of export increases when local populations are growing fast. At a larger spatial scale, the dynamics of the metapopulation will depend on these modified demographics of its component sub-units. To understand the demography of any reef fish population, we must determine whether connectivity lies within the range appropriate to a metapopulation. But what constitutes an appropriate level of exchange for reef fishes? Estimates for terrestrial systems29 suggest 10-40% of breeding individuals should be immigrants from other sub-populations for metapopulation effects to be evident. We do not know if this range also applies to aquatic systems, and we have just one estimate for a reef fish. Jones et al 251 estimated that 15-60% of larvae of Pomacentrus moluccensis were retained at Lizard Island (= 40-85% subsidy from outside). Unfortunately, we do not know how this relates to rate of immigration to individual sub-populations, because we do not know either the spatial scale at which breeding groups of P. moluccensis are organized at Lizard Island, or whether immigrant and retained recruits have similar survivorship to maturation.
Practical reasons to estimate connectivity arise chiefly because of the growing use of marine protected areas (MPA) as a tool for fisheries management or conservation.') Marine protected areas provide direct protection from human exploitation of organisms residing within their borders.
However, those individuals may export most or all of their progeny beyond the MPA borders, or may themselves move outside those borders in the course of daily activity or during seasonal spawning migrations . For an MPA to be an effective management tool , there must be effective replenishment of the populations contained therein, either because of effective retention of some progeny following larval life, or through the arrival of settling larvae from populations outside the MPA (an MPA used for fisheries enhancement must also subsidize the surrounding region) . If the MPA is so small that individuals regularly move outside and get exploited, the protective effects of the MPA will be minimal. Creating an MPA that is large enough that many individuals will spend their post-settlement lives within its borders , will not protect into perpetuity the species contained unless there is adequate replenishment.
To there credit, there is now growing awareness among managers and reef ecologists that we need to develop the necessary scientific information to drive the rational establishment of MPAs if they are to continue to be a primary management tool.3,4,30) Information on extent and spatial scale of connectivity is essential, and urgently needed.
NEW APPROACHES
In the 1970s, larval reef fish species were seen to be differentially distributed with respect to distance from shore, or to depth in the water column. The parsimonious explanation is that different larval characteristics, most likely behavioral ones, account for these differences.8) Nevertheless, only recently have significant advances been made in understanding the behavior of reef fish larvae.20,23) Early effort by Kingsford and others31) showed how larvae might use surface slicks, and the underlying hydrodynamics to move towards shore. Subsequent work has revealed that late-stage reef fish larvae are competent swimmers.
Bellwood, Stobutzki and others captured late stage larvae using light traps, and placed them into a flume where they were swam at constant speed to exhaustion .22,") There is a broad range of capabilities among species, but while the strongest swimmers can move at 34BL.sec-1 and cover 140km before exhaustion, even average swimmers manage 13BL.sec-1, and 40km before exhaustion (BL=body length). Leis and co-workers explored swimming in situ using larvae caught in light traps and then released in blue water with divers present to follow their movements .22,33,34) Their work reveals that the flume results are not artifacts, and that the larvae use their abilities to avoid predators, to maintain direction, and to capture prey. Other work has suggested that late-stage larvae may be able to detect the presence of reefs by means of sound, or by other senses, and orient their movements towards them 35, 36) There remain immense gaps in our knowledge of larval behavior and sensory capabilities. The work to date is very preliminary. Capturing fish and holding them for up to 24 hours prior to experiments may cause important artifacts. The experiments testing ability to sense presence of reefs need to be repeated. We know little about how the behavioral capacities of late-stage larvae develop during larval life. This a major gap because the ability of the larva to manage where it is and where it goes must grow from zero at hatching to its final competence, and the pattern of growth in capacity will determine the extent to which dispersal is under active control. Unfortunately, few researchers are tackling these problems, perhaps because too many funding agencies avoid supporting research that is "risky".
Isolated populations should develop genetic differences, and it has long been anticipated that careful genetic screening may separate fish from different populations, thereby putting an upper limit on the spatial extent of connectivity, and, perhaps, also identifying unique genetic signals for source populations.37) Efforts to use genetic differences in this way have not yet proven useful in quantifying connectivity.
Work using protein polymorphisms tended to show widespread panmixus, although some instances of differentiation among populations were found.37,38) More sensitive molecular methods have revealed a richer genetic structure, but not yet one that has been useful in quantifying connec tivity.37,39,40,41) Since very small amounts of gene flow can result in genetic homogeneity, it may be that we are expecting too much. On the other hand, rapid development of ever more sensitive techniques (particularly, at present, analysis of microsatellite DNA) holds out the promise of future success.37) It will clearly be technically simpler to screen recruited fish genetically, than to tag them, or trace their movements throughout larval life.
Geneticists working with ecologists must continue searching for ways to "translate" indices of genetic similarity like F, into indices of dispersal.
For 30 years, we've known that reef fishes build their otoliths by laying down daily increments of aragonite and protein matrix.42) Growth checks or settlement marks in the otolith have been known of for 20 years, and ecologists quickly used these features of otolith microstructure to obtain estimates of larval duration for a broad range of reef fish species.43,44) Much more recently, we've learned that the otolith also contains a chronological record of the chemistry of the water in which the fish has been living, and that there is the possibility, using laser ablation with ICPMS, of finding microchemical signals that could identify sources of larvae recruiting to a particular location .45,) Sophisticated technology is required for studies of otolith microchemistry, and the instrumentation available is growing in complexity and in capabilities.
While relatively few studies on reef fishes have used otolith microchemistry to date, a number of labs are engaged in this type of research at present.
Recent The question of the extent and spatial scale of connectivity demands study at larger spatial scales than reef fish ecologists have traditionally used. As a consequence, the spatial scales at which ecological studies of coral reef fish are executed have expanded considerably, from the single site in front of the field facility that was adequate in the 1970s, to the set of sampling locations in the vicinity of a field station that now characterizes the bulk of reef fish studies, and to the regional scale projects which, though presently rare, are likely to be essential, if the scale and extent of connectivity is to be adequately pinned down.
Doing field ecology at large spatial scales poses a dilemma Few funding agencies yet are prepared to support synoptic, intensive, long-term field sampling at a broad array of sampling locations, and there is still insufficient recognition by them of the fact that there are not any simple, remotely-sensed proxies for the collection of newly-settled fish at individual sites. These fish may yield microchemical or genetic information, they may be screened for implanted microtags, their times of arrival may be documented precisely for subsequent correlation with remotely sensed data on hydrographic regimes, but they have to be collected by individuals put into the field at each field site.
There are two solutions to this dilemma, and they can be applied jointly to a single study. The first is deliberately to reduce the temporal scale of the study. Fish can be collected some weeks or months after they recruited to a reef, and their otoliths will report when they arrived.") Such samples can be very useful for microchemical, genetic or other kinds of screening to identify origins. So long as account is taken of the fact that many fish that recruited will have died before being sampled if a long time interval has passed since they settled, their otoliths may even provide records of the temporal flux of arrival of larval fish at that site. It is not always necessary to sample each site repeatedly through a full recruitment season. the pattern of settlement. If we find geographic variation in genetics or microchemistry, as we anticipate, our subsequent goal will be to sample more widely in the region to establish source areas for the fish that recruit to our sites. This step will require a larger project, perhaps in collaboration with components of the World Bank MBRS project now commencing in the region. In addition, we are actively encouraging other groups to consider seeking funds to collaborate with us, or to mount independent, but complimentary research projects in the region.
ECONAR is not alone, and I know that additional large-scale projects must be undertaken, in a variety of reef regions if we are to specify adequately the extent of interchange of larval reef fishes. In particular, we need to recognize that coastal systems like the Meso-American Reef and the Great Barrier Reef may operate very differently to the oceanic systems of the Ryukyus, Hawaii, or the Tuamotus (where the French researchers have done so much). Open ocean and coastal reef systems exist in quite different hydrographic regimes, and will offer different cues to tell larval fish that reefs are nearby. We will be unwise if we assume that the eventual results from ECONAR, and one or two additional, perhaps better-executed and better-funded studies from the Great Barrier Reef or the Florida Keys, will give all the answers that are required. If we have learned anything over the past decade, it is that reef fish systems exhibit an impressive variety of patterns and processes. We need large-scale work, directed at population dynamics, and particularly at defining connectivity, to be undertaken at a number of different locations throughout the tropics.
